Water has become increasingly scarce in northwestern China due to climate change, economic growth and burgeoning population. Improving agriculture water use efficiency is of strategic significance in promoting socio-economic water productivity for arid and semi-arid inland river basins. Based on the household-level data collected in Zhangye City, which is located in the middle reaches of Heihe River Basin (HRB) in northwestern China, irrigation water use efficiency (IWUE) of maize is estimated based on stochastic frontier analysis. The impacts of influential factors, especially the participatory irrigation management (PIM) through water user associations (WUAs), on IWUE were further examined. Results show that the estimated average Technical efficiency (TE) and IWUE of maize production are 0.74 and 0.24, respectively. The participation level in irrigation management is very low, with only 40% of the respondents participating in WUA meetings. In addition, most have a relatively superficial understanding of the roles and management scheme of WUAs. Empirical results show that though significantly positive, the magnitude of the impact of PIM on IWUE is relatively small. Households that participated in WUA meetings achieved only 0.002% higher IWUEs than those have never participated in. WUAs are not operating with their designed objectives. Consequently, reform of the traditional management form of WUAs to make them more transparent, fair, and extensively participated in among farmers is in urgently need. In addition, we also find that water price, source of irrigation water, irrigation technology adoption and famers' education level and farming experience also have significant positive impacts on IWUE.
Introduction
Water scarcity has become a main challenge for the world with increasing demand resulting from burgeoning population, accelerating economic development, and rapid urbanization [1, 2] . Globally, agriculture activities consume the vast majority of freshwater among irrigation withdrawals, representing approximately 70% of total water use, and the ratio is even higher in many developing countries [3] . The dilemma between water scarcity and socio-economic development is more pronounced where climate change threatens to exacerbate the situation with a predicted reduction in water availability and an increase in agricultural water demand in arid and semi-arid regions [4] [5] [6] .
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Although securing adequate water for agriculture in the future will be essential in order to maintain a high level of food self-sufficiencies, increasing water scarcity is particularly challenging to the agricultural sector. Competition for water between agriculture and nonagricultural activities will become fiercer in order to achieve higher water productivity [7, 8] . It indicates that agriculture will not be given priority for any additional future allocations of water since water has higher marginal returns in industry and the residential sectors. Under such circumstances, improving irrigation water use efficiency (IWUE) is an imperative strategy to solve the water shortage problem and also a critical measure for achieving sustainable irrigated agriculture [9, 10] . IWUE is an important indicator for agriculture water use sustainability. IWUE means quite different things among agronomists and agriculture economists. For agronomists, IWUE is determined by rainfall, irrigation, soil moisture and crop evapotranspiration (ET) requirement. Such definitions mainly focus on engineering and agronomic techniques, and are measured through field experiments that do not consider water as an economic good [11, 12] . In order to evaluate the economic performance of water in socio-economic system, water has been considered a primary input in combination with other inputs (land, labor, capital, etc.). The definition and measurement of IWUE is thus based on the concept of input-specific technical efficiency, which represents an optimal allowance of the inputs at the production frontier [13] . As compared to previous physical measures used in the literature, this measure takes into account the economic attributes rather than an engineering meaning.
There have been several empirical studies that analyzed the IWUE of agricultural production from an economic perspective [14] [15] [16] [17] . These studies intended to measure the economic efficiency of water, study its determinants, and to compute efficiency as a tool for benchmarking or only estimating efficiency. Their results show that IWUE varies greatly in different regions and the factors that influence IWUE are complicated, including farm household characteristics (e.g., age, education, family labor, income levels and access to credit), land characteristics (e.g., farm size, degree of land fragmentation, soil quality and land ownership) and households' access to other resources such as extension services and farm skills training [10, 18] . Besides, technology was considered an essential tool for increasing agricultural IWUE. Researchers found that the deficit irrigation could significantly increase IWUE [19] . From above analysis, we can see that early research mainly pays attention to the impacts of water conservancy projects, farmers' choices and decisions in production, and technological progress on agricultural IWUE. With more restricted water regulations such as the red line of IWUE implemented, people pay more attention to the influence of institutional factors such as water price, property rights systems, and irrigation management systems on IWUE. The traditional government-oriented management form of irrigation is challenged and the lack of farmers' self-management is considered a key factor to the low IWUE.
Since the 1990s, the paradigm of water resource management has shifted from government-oriented towards participatory management and adaptive governance [20] [21] [22] [23] . Decentralized reforms of irrigation management have been carried out to transfer the responsibility for the management of irrigation systems from the government to farmers' voluntary associations. This emphasis on "water users involved" in the core concept of irrigation management reform is called participatory irrigation management (PIM). To promote participatory irrigation management and the full involvement of small-scale farmers, farmers' water users associations (WUAs) have become increasingly common in the arid region of northwestern China [24] [25] [26] . WUAs played a critical role in promoting the agriculture water reform at the community level. As the organizational foundations for water allocation, they help create efficient and equitable policy environment for farmers' water use [27] [28] [29] .
Despite the widespread application as remedies for poor irrigation system performance, the actual effectiveness of PIM is still under debate and contested. Research in support of PIM argues that participatory management through WUAs contributes to improving irrigation management by providing farmers with opportunities to learn up-to-date water-saving technologies. Farmers share important experience and ideas that could lead to practical, achievable and acceptable solutions to water-related problems [23, [30] [31] [32] . Others show that WUAs help to improve channel quality and ensure the positive significance of water charges [29, 30] . In addition, WUAs may play an important role in lowering the transaction cost in water trading between agriculture and other sectors, and thus promoting the development of water markets [33] . However, other empirical studies on the performance of the PIM find that most WUAs have not been universally successful in either saving water or improving farm incomes [34, 35] . The main reason for the ill performance is due to their lack of cooperation with other institutions and the absence of training for WUA managers [36, 37] .
Considering that few studies have investigated the impacts of PIM through WUAs on IWUE and even fewer use a general descriptive discussion and lack in-depth standardized quantitative research, the main objective of this study is to analyze IWUE from a production frontier perspective and investigate the impacts of PIM on IWUE. It is of theoretical and practical significance to establish the management model that is suitable for the actual situation in different regions and adopt effective participatory mechanisms to promote the sustainable use of water resources. Therefore, this study lends empirical evidence to the debate regarding the impact of participatory irrigation water management policies on agricultural production and will further lend support to irrigation water management strategies made.
The paper is organized as follows. Section 2 introduces the methodology for measuring IWUE and specifies the empirical model. Section 3 describes the empirical data used to analyze the proposed models in the context of irrigation water use of the agricultural production system in the middle reaches of Heihe River Basin, China. Results and main findings are presented in Section 4. Finally, the paper concludes by highlighting the policy importance.
Methodology
IWUE is commonly defined as yield per cubic water [18] . However, this measure is biased and inappropriate, for it ignores the fact that yield is produced by multiple inputs, including not just water but also land, fertilizers, seeds, machinery and labor. So IWUE in this paper is defined as the ratio of the minimum amount of water needed to produce a given level of output, conditional on levels of other inputs, to the amount of water actually applied [14] . Usually, the technical efficiency of irrigation water use was estimated first. Traditionally, there are broadly two approaches to obtain efficiency estimates in the literature: parametric techniques (i.e., stochastic frontier analysis (SFA)) and non-parametric techniques (i.e., data envelopment analysis (DEA)). The advantage of the parametric technique is that it provides the researcher with a robust framework for performing hypothesis testing, and the construction of confidence intervals.
Following Battese et al., the general stochastic production function for panel data is [38] :
For farmer i, production function (1) describes output y it at period t, as a function of a vector of inputs x it , w it is the amount of irrigation water used, βs are the coefficients of input variables, and an error term is made up of two components: v it is the systematic error term, and u it represents the technical inefficiency during the production which reflects the shortfall of a farmer's output from the production frontier. In addition, it is non-negative.
Cobb-Douglas and Translog functions are the two most commonly used functional forms for production function. The likelihood ratio test is used to determine which function form fits our data (described in the next section) better. With a p-value of 0.01, we reject the null hypothesis of a Cobb-Douglas functional form. A Translog production function was employed in the analysis. For the 
where y it is the output of maize. The four inputs considered in the application are land, labor, capital (a combination of inputs of seed, fertilizer, pesticide, and machine), and water. Following Reinhard et al., IWUE for farmer i can be obtained by setting actual production equal to production under technical efficient condition (u it = 0), namely, using minimum feasible irrigation water while producing the same level of output (y it ) [14] . . Therefore, IWUE can be obtained:
where ξ it = ∂ ln y it ∂ ln water it = β 4 + β 5 ln labor it + β 6 ln capital it + β 7 ln land it + 2β 11 ln water it . Since IWUE values were calculated from the estimates of the parameters in (4) and (5), driving factors for IWUE cannot be obtained from the one-step approach, so a two-step approach is needed to assess the influencing factors of IWUE. Traditional OLS estimation is biased and inconsistent due to the dependent variable IWUE it ∈ to (0, 1). Tobit model based on the maximum likelihood estimation method will be unbiased and effective. It can be expressed as a piecewise function. Z it is a vector and includes a set of factors that influence the IWUE which will be described later. The Tobit model can be expressed as follows:
IWUE can be influenced by various factors. Following previous literature [10, 16, 17, 27 ,39], we group the critical factors into four categories, which were shown as follows:
The vector H it includes a set of factors that measure farmers' household characteristics. Household income and number of laborers may influence IWUE because they are the sources of capital and labor inputs in agricultural production. Age and farming years are also important variables representing farmers' farming experience, which may help increase IWUE. At the same time, education may also play a role, for the ones with higher education may be more likely to adopt new agriculture technologies and reduce water use.
L it is the vector of farmers' land use variables. Total land holding represents farmers' production scale, which may have impacts on IWUE. The number of plots a household owns measures the degree of land fragmentation. Yin et al. showed that if the land is too scattered, it is hard to reach economies of scale, and the more fragmented the land is, the more difficult it is for a household to irrigate all the plots [10] . Farmers' planting structure, a dummy variable that if a farmer only plants maize equals one, otherwise equals zero, may also influence IWUE.
The vector W it includes water-related technology and management variables. Infrastructure and technology inputs in irrigation will have impacts on IWUE. Cement canal lining and plastic film are the main water saving technologies adopted in the study area. Two dummy variables were used to show whether farmers have adopted these two technologies respectively. The source of irrigation water may also influence IWUE. Farmers achieve higher IWUEs when groundwater was used compared to those who only use surface water shown in previous studies [36, 40] . Groundwater is an important source of irrigation in the study area, so we include a variable to represent the source of irrigation water. If groundwater was used, the value of the variable is 1, if farmer only uses surface water in irrigation the value will be zero. Water price is an important management instrument that can provide incentives to adopt new technologies, and thus saving water and improving IWUE. In addition, the effect of irrigation water price policy is very different in different natural environments and agricultural production conditions; empirical studies are needed to specify the effectiveness of water price on IWUE improvement. In this study, we have gathered farmers' water fee in irrigation in the survey. Farmers' payment for irrigation water may reflect the price level of irrigation water, and in our survey, most farmers pay for irrigation water by area. So we include irrigation water fee to investigate whether water price has significant influence on farmers' IWUE in our study area.
The variables of interest are farmers' participation in WUA, which was represented by P it . Traditional irrigation water resource management systems are increasingly replaced by participatory management schemes through water users associations (WUAs) in China. In addition, the empirical study from Zhang et al. shows that WUAs play a significant role in promoting water productivity among the households in northern China [30] . However, whether PIM in WUA will have significant impacts on IWUE is rarely discussed in previous studies. So in this study, we try to figure out whether farmers' participation in WUA helps to improve IWUE by including two dummy variables representing farmers' participation level in WUA management. Firstly, there is a dummy variable whose value equals one if the farmer has attended in the WUA meetings, otherwise equals zero. This will distinguish between the IWUE of farmers who have attended in water management and farmers who have not. However, the attendance information is not sufficient to address farmers' participation management status in irrigation management. Therefore, we include a dummy variable to identify farmers who have been actively involved in the management by expressing their opinions at the meetings. The value of the dummy equals one if farmer has expressed his or her opinion in the meetings, and otherwise zero.
Data Collection and Description
The analysis was based on the dataset collected by the author and collaborators in August 2015, in Zhangye City in the middle reaches of Heihe River Basin in northwestern China. The field area was a typically arid and semi-arid agriculture zone with an average annual precipitation less than 200 mm. Zhangye City is an important agricultural production base that occupies 95% of cultivated land (2668 km 2 ), includes 91% of the population, and generates more than 80% of GDP of the Heihe River Basin. It is also one of the 12 key national commercial grain bases due to its abundant supply of wheat, corn, rice, oilseed rape, flax and other crops. Wheat and maize production accounts for almost 90% of households' land use. In our study area, agriculture water demands are mainly met from irrigation since the annual precipitation is less than 200 mm. Irrigation agriculture is the largest user of water, accounting for nearly 90% of the total water use.
The surveys were conducted in 6 counties in the middle reaches of Heihe River Basin. A stratified random sampling strategy was used to select farm households in our study area. Firstly, two townships were selected in each county with varying degrees of water scarcity. Next, two villages in each town were chosen randomly. Within each village, 10 households were randomly selected. In total, 24 villages and 170 farm households were surveyed. The distribution of the farm households is shown in Figure 1 . In each household, the decision-maker for agricultural production activities, who was able to answer detailed questions about their inputs and outputs in agricultural production and the local water resource management, was selected as the respondent. Face-to-face interviews were conducted by a group of interviewers consisting of Master and Ph.D. students from the Center of Chinese Agriculture Policy in University of Chinese Academy majoring in Agriculture Economics. Before the interviews, a preliminary survey was held to test the structure of the questionnaire and uncover possible misinterpretations of the questions and ambiguous responses. Based on the outcome of this survey, ambiguous and unclear questions were revised.
Our survey contains agricultural production information in the years 2010 and 2014. The questionnaire includes questions about farmers' characteristics household information, input and output information of agricultural production, water management information and related water policies. Questions relating to the participation in irrigation management, including how many meetings are held during one-year during irrigation times, how many farmers are involved in each meeting, how many times is there irrigation technology training per year, whether the chairman engages in agriculture production or not, and so on. Although virtually all farmers produce several crops, we only consider maize farmers, which is the main crop irrigated. Finally, three groups of households were dropped in our analysis. The first group includes households that did not plant maize in either study period. In addition, in order to obtain a balanced panel dataset, we also dropped samples that only planted maize in one year. The second group includes households that did not irrigate maize at all. The third group is households that lack information of the volume of water used. With exclusion of these samples, the final survey data contains 78 households and 156 samples totally.
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Our survey contains agricultural production information in the years 2010 and 2014. The questionnaire includes questions about farmers' characteristics household information, input and output information of agricultural production, water management information and related water policies. Questions relating to the participation in irrigation management, including how many meetings are held during one-year during irrigation times, how many farmers are involved in each meeting, how many times is there irrigation technology training per year, whether the chairman engages in agriculture production or not, and so on. Although virtually all farmers produce several crops, we only consider maize farmers, which is the main crop irrigated. Finally, three groups of households were dropped in our analysis. The first group includes households that did not plant maize in either study period. In addition, in order to obtain a balanced panel dataset, we also dropped samples that only planted maize in one year. The second group includes households that did not irrigate maize at all. The third group is households that lack information of the volume of water used. With exclusion of these samples, the final survey data contains 78 households and 156 samples totally. The summary statistics of the farm household characters and input and output information in maize production are shown in Table 1 . In our sample area, the average total household land holding is 19.58 mu (1.31 hectare) and the average land input in maize production is 4.1 mu. Maize is the main crop in Zhangye City and we only consider maize production in our study. Agricultural income only accounts for 46% of the total household income on average. We also find that about 84% of households have at least one member participating in off-farm employment. The average age of the farm respondents is 48, which reflects the aging problem in China's agricultural sector. The average education years of farmers are 9, meaning that most farmers receive a junior high school education, The summary statistics of the farm household characters and input and output information in maize production are shown in Table 1 . In our sample area, the average total household land holding is 19.58 mu (1.31 hectare) and the average land input in maize production is 4.1 mu. Maize is the main crop in Zhangye City and we only consider maize production in our study. Agricultural
income only accounts for 46% of the total household income on average. We also find that about 84% of households have at least one member participating in off-farm employment. The average age of the farm respondents is 48, which reflects the aging problem in China's agricultural sector. The average education years of farmers are 9, meaning that most farmers receive a junior high school education, which also indicates that farmers' educational attainment has been improved. The yield of maize per mu varies from 384 km to 1150 km in our study area. The surface water and groundwater used are 778 and 500 cubic meters per mu on average in the whole growth period. During our survey, we found that about 60% of farmers only use surface water and 20% use only groundwater for irrigation. Charges for water vary significantly in the study area. The forms of charges are also different in different irrigation districts including charging by area (Yuan per mu), by irrigation time (Yuan per hour), and by water used (Yuan per cubic meter). Here we unified them into Yuan per mu for it is the more widely adopted charge form in the study area. Other input information including fertilizer, seed, manure and labor are listed in the table. 
Results and Discussion

Estimation of IWUE
We first tested the Cobb-Douglas versus the Translog production function, the difference of the log likelihood test statistics follows a χ 2 distribution [38] . The LR ratio is 83.57, so we rejected the Cobb-Douglas specification at 1% significance level. The estimates of the Translog production function are reported in Table 2 . This technical inefficiency ratio γ indicates that technical inefficiency contributes 96.68% to the total variance of output. Equations (4) and (5) are estimated simultaneously in one step; the results were obtained using the method of MLE.
The output elasticity of maize yield with respect to each input is reported in Table 2 . The coefficients for input factors represent the output elasticity of the input factors. Results indicate that capital significantly influences maize production, with an elasticity of 2.77. This means that, ceteris paribus, a one percent increase in capital input leads to 2.77% increase of output value. The possible explanation of the positive relationship between capital and the yield of maize is that the increase in capital investment will lead to improvements of maize production conditions, such as more fertilizer input. Though not significant, the negative marginal remuneration of labor showing that increase in labor inputs will not improve a yield of maize. This is in accordance with the reality of China's rural labor surplus situation [39, 41] . The coefficient of water is widely divergent in previous studies. Research from Wang et al. and Tang et al. showed that the coefficient of water is significantly positive, whereas Gadanakis et al. and Yin et al. found it was negative in their case studies [10, 17, 27, 41] . The reason for the differences may be because of the different climatic conditions of the study area and various planting structure. The elasticity of water is −0.91 in our study, indicating that an increase in irrigation water will not lead to an increase in output. It can be concluded that there might be a slight overuse of water in maize production. The sum of elasticity with respect to the three inputs equals 1.24, indicating a (slightly) increasing return to scale [10] . Notes: Absolute value of t-statistics in parentheses. * Significant at 10%; ** Significant at 5%; *** Significant at 1%.
The frequency distribution of TE and IWUE estimates obtained by the SFA methods are shown in Figure 2 . The average overall TE for the households is 0.74, indicating that substantial inefficiencies occurred in farming operations of the sample farm households. The value of IWUEs demonstrated even larger inefficiencies. From the frequency distribution of IWUEs, we can find that the average IWUE for the whole sample is 0.24. It is far lower than that of a farmer's agricultural production TE. When looking specifically at IWUEs, the results indicate that farmers fail to reach their overall technical efficiency levels. It implicated that there appears to be a considerable scope for the water use to be reduced, even with the technology currently available. It also means that if efficiency improves, it should be possible to reallocate a fraction of water to other water demands without really endangering agricultural production or the role small-scale irrigation might play for rural development. Some researchers have ascribed the substantial inefficiencies of irrigation to the poor performance of irrigation schemes and the absence of pricing mechanisms for water [42, 43] . They suggested that the introduction of water charges will gradually trigger farmers' financial incentive to limit their water use or to invest in water-saving technologies.
endangering agricultural production or the role small-scale irrigation might play for rural development. Some researchers have ascribed the substantial inefficiencies of irrigation to the poor performance of irrigation schemes and the absence of pricing mechanisms for water [42, 43] . They suggested that the introduction of water charges will gradually trigger farmers' financial incentive to limit their water use or to invest in water-saving technologies. From recent IWUE studies in less developed countries, the values of IWUE vary from 0.20 to 0.74 [39, 44] . The estimated IWUE in the study area is very low. There will be large scope for the IWUE to be improved in the study area. Though faced with serious water scarcity, agricultural water use is still rampant in arid northwestern China. Researchers have found that IWUE is generally lower in more water-scarce areas. They show that farmers' perception of water scarcity will influence their irrigation behavior. They tend to irrigate more when they were more vulnerable to drought [45] . Furthermore, the absence of market instruments is also the reason for the low IWUE. Water-scarce areas are usually in less developed areas in China. They receive more subsidies from central government on agricultural production. The economic view of efficient water use is not recognized and flood irrigation is pervasive because farmers have no incentive to save water.
Farmers' Perceptions and Participation Level in WUAs
WUAs were established in every administrative village of Zhangye City when IWRM was first implemented. They were organized by the local government to involve all small-scale farmers in water management, which helps ensure democratic decision-making, supervision in water-related affairs, and promotes cooperation in water management through self-organized community networks. Field surveys found that farmers' participation in irrigation management was mainly in the annual meetings of WUA (including the General Assembly and Executive Committee meetings) to consult and discuss on farmland irrigation-related affairs. The main hypothesis is that the more attending meetings, the higher the degree of participation in irrigation management, and the higher the likelihood of obtaining a relatively high IWUE.
Farmers' perceptions about WUAs were assessed by survey questions and statements, including farmers' understanding of WUAs, the degree of support for WUAs, and involvement in WUAs decision-making processes. Data from our surveys shows that 38% of the respondents did not clearly understand the purposes of the organizations (Table 3) . About 75% of the respondents say that they can get the information when the meetings are held. Though 95% of respondents think that WUAs are important, only 58% of all the respondents have the willingness to participate in WUAs. Considering the function and role of WUAs, most respondents (87.5%) think WUAs help reduce and resolve water disputes in irrigation affairs and manage water issues better. Other roles of WUAs that are recognized by farmers, including its effectiveness in promoting more transparent water allocation, more reasonable water charges and irrigation arrangement. In terms of water use improvement, only 25% of the farmers think that WUAs play an important role in saving water. In addition, most of the farmers did not think WUAs help ensure water supply during irrigation. Farmers' participation level in WUAs is depicted in Table 4 . Only 40% of the respondents said they had participated in the WUA meetings at least once in a year, and the average meetings held in a year are 3.5 times. Women participation is relatively low; the proportion of women is 23% among the all participators. About 30% of the respondents said they have participated in the WUA election meetings. In terms of transparency and accountability of the WUA decision-making processes, a large proportion of respondents (47%) said only very important things are decided by most farmers involved during the meetings. However, 33% of farmers think that only elite farmers in the village participate in the decision of some things, and 20% of farmers thought that farmers are not involved in the decision process and that things are merely decided by WUA leaders. Table 4 . Farmers' participation level in WUAs and decision-making process of WUAs.
Survey Items Percentage
Farmers participated in irrigation management 40 Average meetings held in a year (Times) 3. From the above analysis, we can see that WUAs are still not operating in accordance with their designed objectives, which is not well recognized among farmers. Farmers' understanding of WUAs is not clear and distinct, and the motivation of participation is not strong. However, a large portion (95%) of the respondents acknowledged the roles of WUAs in managing irrigation water resources and providing necessary services (such as formulating water use plans, imposing water fees and resolving water disputes and conflicts). A full participation of farmers and a more transparent decision making process is needed to ensure the role of WUAs in water management. Furthermore, there are also many challenges facing WUAs such as inadequate funding, lack of revenues and technical capacity.
Impacts of Farmers' Participation in WUAs on IWUE
The coefficients for the determinants of TE and IWUE were reported in Table 5 . Notably, in the process of regression on TE-influencing factors, the dependent variable is the technical inefficiency value u it . Therefore, the negative sign of coefficients indicates a positive relationship between TE and variables under consideration. As for IWUE, the positive sign indicates a positive relationship between IWUE and influencing factors. Notes: Absolute value of t-statistics in parentheses. * Significant at 10%; ** Significant at 5%; *** Significant at 1%.
Our results show that attending in the WUA meetings has a positively significant impact on farmers' IWUE improvement. That is sensible because participation in WUA meetings helps farmers to get to know newly implemented agriculture policies, and irrigation and agriculture technologies. It helps strengthen farmers' perceptions of water scarcity and significance of water savings. However, the magnitude of the effect is small, indicating the role of PIM in IWUE improvement is limited in the current situation. This is partly because there is a lack of transparent management mechanisms in current WUAs organizations. Farmers' understanding of WUAs is not comprehensive, and their participation mostly becomes a mere formality. This also leads to negative influences of the WUA achievements. During our survey, we find that farmers' willingness to take part in WUA management is not strong. Only a small proportion of farmers have essentially been involved in irrigation decision-making during the WUA meetings. To be a WUA leader will not significantly improve IWUE at household level. That may be because most WUA leaders are also village cadres in the study area, and they are usually not full-time farmers, so the time spent on irrigation is not as much compared to full-time farmers. Whether farmers have fully reflected their views on the agricultural production affairs during the meeting will provide insight in the democracy status of the WUAs. The dummy variable that whether farmers have expressed their opinions during the meeting is a proxy of farmers' participation level. Results indicate that farmers' communication in WUA will significantly influence IWUE in the positive way. To promote participatory irrigation management and the full involvement of small-scale farmers, our study indicates that the creation of WUAs results in IWUE improvement.
Other factors also have significant impacts on maize production IWUE. Among the characteristics of household laborers and decision makers, age, family size and farming years are positively and significantly affecting households' IWUE. It indicates that older farmers are more technically efficient than younger farmers. This can be explained that older farmers have more farming experience, and thus have developed more efficient irrigation practices. Family size is an important indicator of household laborers. More laborers available on farm means more laborers on irrigation water management. Years of farming is also an important indicator of farmers' experience in agricultural production. This is in accord with age variable because the years of farming are longer for the elderly ones. However, off-farm income has significant negative impacts on IWUE. This finding is different from previous studies, which show that off-farm income helps farmers obtain higher irrigation efficiency by providing financial support to irrigation investment and technologies. However, the negative sign of off-farm income may be explained that farmers who have more off-farm income will devote less time on agricultural production and thus irrigation. Off-farm income accounts for more than 55% of farmers' total income on average in our sample. Other variables are not significant in our case study; for example education and income have no significant impacts on the IWUE. Total land holding and the number of plots are negative significantly influencing the IWUE. It indicates that small-scale farms are less efficient in irrigation water use.
The influences of irrigation infrastructure and technology on IWUE are measured through cement canal lining and plastic mulch. We can see that the adoption of cement canal lining and layout of plastic mulch help to improve IWUE significantly. Cement canal lining and plastic mulch are the most widely adopted water-saving measures in the study area. However, there are criticisms of them for the ecological damage they may cause. Ecologists blamed cement lining for preventing water infiltration into the soil and thus leading to the death of plants near the channel, which results in a deteriorating riverside ecological environment. Plastic mulch pollution is serious in northwestern China, and how to resolve the plastic mulch pollution is a pending issue at present. The robust positive relationship between groundwater use and IWUE indicates that groundwater use in irrigation helps to improve IWUE. This is in line with previous studies, that IWUE is relatively high in areas irrigated by groundwater and lower in surface water areas [10, 46] .
Irrigation water price has been considered an important management instrument to improve IWUE [47, 48] . Researchers have found that previous water price needs to be raised to a relatively high level to be elastic [49, 50] . The robust positive sign in Table 5 indicates that pricing water higher helps to improve IWUE in the study area. The effectiveness of demand management policy tools, such as water pricing, to promote the efficient use of water resources has been verified in several studies [10, 42, 50] . The findings in our study concerning water price provides empirical evidence on irrigation water management. However, the price instrument should be implemented with caution. During the survey, we perceived that farmers' attitudes towards water price are not optimistic and that water pricing reform has caused strong disapproval among farmers.
Conclusions
This study examines farmers' IWUE in maize production in northwestern China. The empirical results show that farmers' IWUE of maize production is much lower than TE in the study area, with values are 0.24 and 0.74 respectively. Considering the big variance of IWUE among farmers, there is still room for the IWUE to be improved extensively in the study area. Also, the large gap between IWUE and TE indicates that IWUE can be improved given existing technology. Improvement in IWUE will lead to substantial decreases in agricultural water use without compromising the agricultural production. In addition, the saved water then can be reallocated to other uses to improve socio-economic water productivity.
Farmers' water user associations (WUAs) have become increasingly common in northwestern China and were used as the organizational foundation for water allocation. Famers' participation in irrigation management through WUAs has positive influence on IWUE improvement, but the effect is not obvious. Participation in WUA meetings is an important way for farmers to become involved in irrigation management. That is partly because most farmers' perceptions of WUAs are not comprehensive, and the willingness to take part in WUA management is not strong. Only a small proportion of farmers have been essentially involved in irrigation decision-making during the WUA meetings. There is an urgent need to reform the traditional management form of WUA to make it more transparent, fair, and extensively participated among farmers.
Water price, as a market-based instrument, has been widely adopted in water resource management in agriculture. The irrigation water price was verified to be positively significant in improving IWUE in our study. That means the proper use of price instruments will provide sufficient incentives for farmers to improve irrigation management, which helps to achieve efficient allocation of water resources in different users. Though raising the price of water can help to improve IWUE, the subsequent influence on agricultural production caused by water price increases should be considered. Thoughtful and comprehensive investigation and evaluation should be conducted before a water price reform.
Several other factors are also found to affect IWUE in our research data. Farmers' experience, which accumulates with age and farming years, has positively significant influenced the IWUE. Adoption of water saving irrigation technology, such as cement canal lining and use of plastic film, helps to improve farmers' IWUE. Our results also show that groundwater used in irrigation will have positive impacts on IWUE. Farmers' off-farm income was found to be negatively significant to IWUE indicating that farmers with more off-farm income will devote less time on agricultural production and thus irrigation management. The negative signs of total land holding and number of plots showed that smaller farms are more likely to obtain higher IWUE. Farmers' education level, income and planting structure have no significant impacts on IWUE.
Our findings have important implications for the agriculture water management in arid and semi-arid areas in northwestern China. Increasing IWUE is of crucial importance for maintaining food self-sufficiency and improving water productivity in water-scarce regions. Consequently, it may also contribute to improving the ecological environment in the downstream reaches of northwestern China's inland rivers. The limitation of this study is a lack of deep investigation of the key factors that influence farmers' participation in irrigation management, which deserves further study.
